Separate quantification of three classes of tfdA genes was performed using TaqMan quantitative real-time PCR for 13 different soils subsequent to mineralization of three phenoxy acids. Class III tfdA genes were found to be involved in mineralization more often than class I and II tfdA genes.
The phenoxy acids (PA), including 2,4-dichlorophenoxyacetic acid (2,4-D), 4-chloro-2-methylphenoxyacetic acid (MCPA), and 2-(4-chloro-2-methylphenoxy)propanoic acid (MCPP), are herbicides that are intensively used for control of broadleaf weeds in cereal crops worldwide. Extensive research on these environmentally hazardous compounds has produced detailed information on pathways and gene sequences involved in their complete mineralization in several bacterial pure-culture isolates (3, 12, 15, 16) .
Decomposition of the ether bond resulting in a phenolic compound and acetic or propanoic acid is accepted to be the first step in the degradation pathway (5) . This step is catalyzed by an ␣-ketoglutarate-dependent dioxygenase encoded by the tfdA or tfdA-like genes (6) . The diversity of the tfdA genes has been investigated in detail, and three different classes have been proposed based on sequence information (10) . Recently, the tfdA genes have been used as biomarkers in studies of the growth of degraders during mineralization of PA in natural soil samples in situ (1, 2, 7, 8, 19) , but none of these studies successfully differentiated quantities of the individual tfdA gene classes.
Previously, two different PCR assays were used to detect and quantify tfdA genes in environmental samples. Vallaeys et al. (17) developed a PCR assay suitable for targeting and proving the presence of the three classes of tfdA genes, while, in order to improve specificity and PCR efficiency, Baelum et al. (1) developed and used a novel PCR primer set more suitable for quantitative real-time PCR (qPCR) (1, 2, 11) . Furthermore, based on endpoint analysis of PCR products, these two PCR assays have been used to study the functional diversity and dynamics of the different classes of tfdA genes during mineralization of phenoxyacetic acids in environmental samples. As this kind of analysis does not provide a quantitative measure of the relative composition of the different classes, the need for a tool to do this is evident. Therefore, the main objective of the present study was to develop a reliable quantitative real-time PCR-based method to separately quantify the different classes of tfdA genes directly in complex soil samples.
Two novel qPCR assays (tfdA 81-bp and TaqMan assays) and one previously described qPCR assay (tfdA 215-bp assay) (1) targeting the known diversity of tfdA genes were tested to determine their PCR efficiency and specificity for the different classes of tfdA genes. Due to potential problems with production of PCR artifacts, the 215-bp PCR fragment is in the longer range of the fragment size recommended for qPCR (18) , explaining why we designed a novel primer set amplifying a shorter fragment. The tfdA 81-bp and tfdA 215-bp assays were based on the SYBR green dye, while the TaqMan assay was based on TaqMan probes. Also, in the TaqMan assay our novel 81-bp primer set was used to amplify the target sequences. Primers for the novel tfdA 81-bp assay (Table 1 ; see Fig. S1 in the supplemental material), as well as probes for the TaqMan assay, were designed based on tfdA gene sequences obtained from the GenBank database (accession numbers M16730, U25717, and AF377325 for tfdA classes I to III, respectively). To confirm that no unwanted targets are amplified with our primer sets, the oligonucleotides were used as queries for a BLAST search in the GenBank database (for details see the supplemental Materials and Methods in the supplemental material). In the present study we had access to instrument facilities that detect only two fluorophores simultaneously. Therefore, we were not able to test multiplex PCR, where all three tfdA gene classes can be quantified in a single PCR vessel, but we believe that this should be possible by using probes with three different fluorophores.
Using 10-fold standard dilution series of recombined plasmids with inserts of each of the class I, II, and III tfdA genes and 10 7 to 10 0 genes per reaction as a template, highly comparable PCR performances were achieved with the three different assays (see Fig. S2 and Table S2 in the supplemental material). Except for the tfdA 215-bp assay targeting the class II gene, consistent and reliable quantification was obtained down to a limit of 10 2 genes per reaction for all three tfdA classes (see Fig. S2 in the supplemental material). The com-parable qPCR sensitivities for the SYBR green and TaqMan probe qPCR assays are in accordance the sensitivities reported elsewhere (4, 9, 13). Detection (i.e., the replicates were not consistent and thus unreliable quantification was obtained) could be performed with as few as 10 1 genes per reaction. Probably due to a 1-bp mismatch in the reverse primer region, reliable quantification of class II genes using the tfdA 215-bp assay could be obtained with only as few as 10 4 genes per reaction (see Fig. S2a in the supplemental material). Furthermore, a test with different combinations of the tfdA target sequences and with the three TaqMan probes together in one reaction vessel was performed in order to verify the specificity of each of the probes for its target sequence. Also, we tested the feasibility of using the probes to perform duplex real-time PCR with combinations of the class I-and III-specific probes and of the class II-and III-specific probes. These tests gave the same results for the detection level and specificity as the tests described above, indicating that duplex PCR is indeed possible with these probes (for detailed information, see the supplemental Materials and Methods in the supplemental material).
A soil microcosm experiment including 13 different soils obtained from distinct locations around the world (for further details on soils, see Table S1 in the supplemental material) was performed to test the different qPCR approaches with DNA extracted directly from a wide variety of soils. In order to allow specific degraders harboring the tfdA genes to proliferate, we treated the microcosms with 90 mol of 2,4-D, MCPA, or MCPP kg Ϫ1 of soil. Prior to and subsequent to Ն50% mineralization (measured using evolved 14 CO 2 ), a composite subsample consisting of 0.5 g of soil was removed, and DNA was extracted using a Power-Clean soil DNA kit (MoBio Laboratories, Carlsbad, CA) according to the manufacturer's instructions. Total DNA was quantified and the extraction efficiency was normalized by running 4-l aliquots of extracts on a standard 1.5% agarose gel stained with ethidium bromide, and qPCR was performed using the three different approaches (for further information on the experimental setup, nucleic acid preparation, and qPCR, see the supplemental Materials and Methods in the supplemental material).
Despite the low detection limit of the qPCR approaches, we were able to detect low levels of tfdA genes (Ͻ10 5 genes g Ϫ1 soil) in only three soils, SjO reg , Suma-Paz, and KBS reg (for information on soils, see the supplemental Materials and Methods in the supplemental material) prior to PA application, while after mineralization of one of the PA (Ͼ50% mineralized) we were able to detect significant increases in the levels of tfdA genes in the soils. The potential to mineralize the three PA was investigated using the widely used and wellvalidated assay for trapping 14 CO 2 in an NaOH trap during mineralization in microcosms (14) . The potential to mineralize Ͼ50% of the added PA was found for all 13 soils for 2,4-D, for 9 soils for MCPA, and for 4 soils for MCPP, indicating that the potential for 2,4-D mineralization is more widespread than the potential for MCPA and MCPP mineralization. Additionally, our data suggest that 2,4-D is mineralized more rapidly than MCPA and MCPP (data not shown). In all of the soils exhibiting Ͼ50% mineralization we detected increased levels of tfdA genes ( Fig. 1) , while in the soils with very slow and insignificant mineralization no such increase was detected.
Even though there was a slight tendency for the tfdA 81-bp SYBR green and TaqMan assays to reveal larger quantities ( Fig. 2A and 2C) , the correlation between the tfdA quantities obtained using the three different qPCR approaches was very high (Fig. 2) . Based on two-way analysis of variance statistics (P Ͻ 0.05), the only soil scenarios for which a difference between the quantification results could be detected were 2,4-D and MCPA in the Pradera soil and 2,4-D in the Suma-Paz soil and the KBS forest soil. For the Pradera soil treated with 2,4-D the difference was especially noticeable (the outliers are shown in Fig. 2A and 2B ). For this soil scenario we were able to find 6 ϫ 10 8 tfdA genes g Ϫ1 soil using the tfdA 81-bp SYBR green assay, while with the two other assays we were able to find only Ͼ5 ϫ 10 4 tfdA genes g Ϫ1 soil. This suggests that a degrader harboring a novel class of tfdA genes was present, but due to difficulties in sequencing extremely short PCR amplicons we have not been able to obtain sequence information. We consider the generally high correlation between tfdA quantities obtained using the three qPCR assays strong evidence that these three assays are suitable for consistent and reliable quantification of the class I to III tfdA genes in environmental samples.
The usability of our novel TaqMan probe-based qPCR approach was demonstrated by quantifying the three different tfdA gene classes after mineralization of 2,4-D, MCPA, and MCPP in 13 different soils ( Fig. 1 ; see Table S3 in the supplemental material). For most of the soils, we observed that if class III tfdA genes were present in a soil, they typically proliferated and became dominant among the tfdA genes after mineralization occurred. In the soils treated with 2,4-D this was reflected by generally higher ratios of class III tfdA genes to class I tfdA genes (Fig. 1A and 1G ). This trend was even more obvious for MCPA and MCPP mineralization, where class I tfdA genes proliferated only in the KBS reg and KBS forest soils treated with MCPA (Fig. 1B) , while in the remaining soils showing potential for MCPA and MCPP mineralization only the class III tfdA genes proliferated (Fig. 1B and 1I ). Further proof was the fact that the KBS reg and KBS forest soils were the only soils treated with 2,4-D in which class III tfdA genes did not proliferate, suggesting that there was no potential for proliferation of class III tfdA genes, which left the PA for the organisms harboring the class I tfdA genes.
In previous studies we speculated that MCPA mineralization is linked to the class III tfdA gene (1) and 2,4-D mineralization is linked to both class I and class III tfdA genes (1, 2) . In these studies only two different soils, originating from the same region, were studied. Furthermore, based on enrichment studies of microbial communities, Zakaria et al. (19) linked mineralization of MCPP to the class III tfdA gene. The present study adds significantly to our knowledge of the dynamics of tfdA genes during mineralization of the PA 2,4-D, MCPA, and MCPP. Here we describe a method to quantitatively measure the relative levels of the different tfdA gene classes in a wide variety of soils, which provides significantly better data.
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